ABSTRACT A single-feed dual-band dual-sense circularly polarized (CP) stacked patch antenna with a small frequency ratio is proposed for Chinese 842.5/922.5-MHz radio frequency identification (RFID) reader applications. Two elliptical-ring patches are configured orthogonally to operate at different frequency bands with different senses of circular polarization. A -type dual-band complex impedance transformer is modified with asymmetric open-ended stubs to easily tune the input matching for both bands. Measured impedance bandwidth is 2.99% (824-849 MHz) for the lower band and 2.72% (908-933 MHz) for the upper band, in which the input return loss is greater than 10 dB. The measured 3-dB axial ratio (AR) bandwidths for the lower and upper bands are 1.07% (838-847 MHz) and 1.19% (918-929 MHz), respectively. The measured frequency ratio is 1.10. The measured gain is more than 4.5 dBic over both bands. Therefore, the proposed antenna can be a good candidate for Chinese RFID readers operating in the bands of 840-845 MHz and 920-925 MHz.
I. INTRODUCTION
Nowadays, dual-band circularly polarized (CP) antennas have been widely used in satellite communication [1] , global positioning system [2] , and radio frequency identification (RFID) [3] . Varieties of dual-band CP antennas have been reported [4] - [8] , but most of them operate with the same CP functionality in two bands. Relatively, it is much difficult to design the dual-band CP antenna with different senses, which improve the isolation between channels in different bands compared to co-polarization [9] . Recently, several configurations have been proposed to realize single-feed dualband dual-senses CP antennas, including slot antennas with various kinds of slots or strips loaded [10] - [12] , dielectric resonator antenna (DRA) with a modified circular patch [13] , and meta-material spiral antennas [14] . However, the realizable frequency ratio of slot antennas with bidirectional radiation patterns is more than 1.375 [15] and that of hybrid DRA/patch antenna with omnidirectional radiation patterns is about 1.25 [13] , which is not suitable for unidirectional dualband wireless communication systems with a small frequency ratio. The meta-material spiral antenna has unidirectional CP radiation patterns, but the gain is lower than 2 dBic in both bands and the frequency ratio is about 1.38 [14] . Therefore, a promising method that can obtain dual-senses CP functionality is through modifying patch antennas. In [16] , a single-feed dual-band dual-senses CP patch antenna is realized firstly by stacking patches with asymmetric U-slots, the frequency ratio of which is 1.66. Also, dual-senses CP radiating element is achieved by connecting two side-by-side patches [17] , making the antenna array large in size. As such, the spacing between adjacent elements is very small [17] . Then, a compact dual-band dual-senses CP patch antenna is obtained by employing two circular eccentric rings, the frequency ratio of which is about 1.71 [18] . More recently, multi-resonant modes of a single patch are excited simultaneously and used to realize different senses of CP radiation in two bands [19] . However, operation frequencies of the two bands cannot be controlled independently and the frequency ratio is about 1.42 [19] .
In this paper, a single-feed dual-band dual-sense CP stacked patch antenna with a small frequency ratio is proposed for Chinese 842.5/922.5-MHz RFID reader applications. The proposed antenna is composed of two ellipticalring patches, a probe-feed coupling patch and an asymmetric -type dual-band complex impedance transformer. The asymmetric -type dual-band complex impedance transformer is derived from three-section and -type transformers [20] , [21] , and modified with two different open-ended stubs to easily tune the input matching for both bands. Different senses of circular polarization are easily realized by making the major axis of two elliptical-ring patches perpendicular to each other. The proposed antenna characterizes a smaller frequency ratio of 1.10 with dual-senses CP functionality. Details of the proposed antenna design and experimental results are given and discussed. 
II. ANTENNA DESIGN
The configuration of the proposed antenna is shown in Figure 1 . The antenna is composed of two elliptical-ring radiating patches, a coupling patch, a probe, an asymmetric -type dual-band complex impedance transformer, a ground plane, an SMA connector, and three FR4 substrates. Air substrates are used in this configuration to broaden the CP bandwidth and lower the cost. It is well known that higher substrate ensues broader bandwidth [17] , [24] . For 842.5/922.5-MHz RFID reader applications, the required absolute bandwidths for both bands are the same so that the required fractional bandwidth for the lower band is larger than that for the upper band. In order to achieve adequate CP fractional bandwidth for both bands, the upper elliptical-ring patch is printed on the upside of the top FR4 substrate and designed to operate in the lower band with the center frequency of f 1 = 842.5 MHz. The lower elliptical-ring patch is designed to operate in the upper band with the center frequency of f 2 = 922.5 MHz, which is concentrically printed on the downside of the middle FR4 substrate. The coupling patch with the radius outer-boundary (i.e. a 1 ) and minor axis of the inner-boundary (i.e. b 2 ) of the upper patch mainly affect the CP operation frequency of the lower band and it has a slight effect on the upper band. Contrarily, the major axis of the outer-boundary (i.e. a 3 ) and minor axis of the inner-boundary (i.e. b 4 ) of the lower patch mainly affect the CP operation frequency of the upper band and it has a slight effect on the lower band as shown in Figures 4(a) and 4(d) . Also, the minor axis of the outer-boundary (i.e. b 1 ) of the upper patch has a slight effect on the lower band as shown in Figure 3 4 for the lower patch has more effects on the upper band than a 2 for the upper patch. Therefore, the following procedures are suggested to design the elliptical-ring radiating patches. 1) Adjust b 3 and a 4 to obtain CP radiation for the lower and higher bands, respectively.
2) Tune the operation frequency of the upper band to be 922.5 MHz by varying a 3 and b 4 .
3) Select carefully a 2 and b 1 to minimize the AR for the upper band.
4) Tune the center operation frequency of the lower band to be 842.5 MHz by varying a 1 and b 2 . If the AR for the lower band don't meet the requirements (e.g. less than 1 dB), the design should be restarted from Step 1) with other potential dimensions. Using the design procedures, the dimensions of radiating patches are obtained as a 1 Figure 5 gives the input impedance of the proposed antenna without impedance transformer. It is shown that the input resistance and reactance reveal a significant variation versus frequency. Considering that the antenna matching without VOLUME 5, 2017 impedance transformer is only controlled by the feed radial position d f and by the coupling patch radius r c . There is no way to simultaneously obtain acceptable input matching performances at the two operation frequencies only changing these two parameters (i.e. d f and r c ). Therefore, further degrees of freedom can be added by employing an impedance matching network. It is found from [21] that the -type complex impedance transformer can be used to realize dualband input matching. However, shunt stubs are limited to be the same dimensions. In order to easily tune the input matching for both bands, the input matching network is modified as an asymmetric -type dual-band complex impedance transformer, which is composed of three different sections of cascaded microstrip line shunted with two different openended stubs as shown in Figure 6 . Figures 7 and 8 show the effect of the open-ended stubs on input matching performances of the proposed antenna. It is observed that the first open-ended stub mainly affects the operation frequency of the upper band while has a slight effect on the lower band. Furthermore, the second open-ended stub simultaneously affects the operation frequency of both bands of the proposed antenna. Therefore, input matching for the lower band can be realized firstly by changing the size of the second open-ended stub. Then, input matching for the upper band is implemented by adjusting the size of the first open-ended stub, meanwhile this process slightly affects the input matching of the lower band. Figure 9 shows the |S 11 | and radiation efficiency of the proposed antenna with or without asymmetric -type dualband complex impedance transformer. It is seen that |S 11 | for the antenna without the input impedance matching network is less than −10 dB only around the 870MHz. After adding the input impedance matching network, good input matching for both bands is obtained, but the radiation efficiency is reduced. This is because a lossy substrate (i.e. FR4 laminate) is used for the input impedance matching network. Furthermore, the radiation efficiency dropped drastically in the upper band may be due to the resonance in the matching network increases the substrate loss. Then the radiation efficiency of the proposed antenna in both Chinese RFID bands is more than 60%, which can be improved by replacing the FR4 laminates with low-loss substrates, but the fabricating cost will be increased. Figures 10 and 11 give the AR of the proposed antenna with or without the input impedance matching network. It is found that the input impedance matching network also has effects on the AR of the proposed antenna, especially for the upper band. This is due to the spurious radiation from the input impedance matching network. However, after AR optimization, the 3-dB AR beamwidth at 842.5 MHz is increased from 49 • to 70 • in x-z plane and that from 39 • to 63 • in y-z plane as shown in Figure 10 Figure 12 . The elliptical-ring patches, coupling patch and impedance transformer were etched on copper-clad FR4 laminates. All the FR4 laminates were fixed with plastic screws and separated with plastic spacers. Copper wire was used as the probe to connect the coupling patch and the impedance transformer. The inner conductor of an SMA connector was connected to the impedance transformer and the outer conductor of that is soldered to the ground plane. 
III. EXPERIMENTAL RESULTS AND DISCUSSIONS
The far-field performances of the fabricated antenna are measured in an anechoic chamber and the S-parameters are measured by an Agilent N5230A vector network analyzer. Figure 13 gives that the simulated and measured |S 11 | of the proposed antenna. The measured |S 11 | is less than −10 dB over the frequency range of 824-849 MHz (2.99%) for the lower band and 908-933 MHz (2.72%) for the upper band. Figure 14 shows the measured and simulated AR at boresight. The measured 3-dB AR bandwidths for the lower and upper bands are 1.07% (838-847 MHz) and 1.19% (918-929 MHz), respectively. Both Chinese RFID bands are covered with less than 3-dB AR. The frequency ratio of the measured minimum AR for dual-band is 1.10. Figure 15 shows the simulated and measured gain at boresight. The gain is more than 4.5 dBic with a variation of less than 0.5 dB across the 3-dB AR bandwidth for both bands. The gain at the upper-band is around 0.5 dB above that of the lower band.
The simulated and measured radiation patterns at 842.5 and 922.5MHz are compared in Figures 16 and 17 . It is observed that right-handed circularly polarized (RHCP) radiation is obtained for the lower band while left-handed circularly polarized (LHCP) radiation is realized for the upper band. The measured half-power beamwidth is more than 72 • for both bands. Table 1 gives the comparison between the proposed antenna in this work and the existing dual-band dual-sense CP patch antenna [16] - [19] . The proposed antenna has typical bandwidths of about 1.0% for single-feed CP patch antenna but provides minimum frequency ratio. Furthermore, the height is larger than that of the existing designs [16] - [19] , which attributes to the use of air substrates in this work. Nonetheless, the size is comparable with the existing antennas for UHF RFID reader applications [24] . 
IV. READ RANGE TEST
The read range test is carried out to validate the performance of the proposed CP stacked patch antenna. In the test, the proposed antenna is connected with a UHF RFID reader to detect a UHF RFID tag. The maximum reliable read range is defined as the line-of-sight distance at which the reader continuously identified the tag antenna for at least one minute. No drops to zero in the read rate (the amount of reads per second) are allowed [22] . It is well known that the read range of passive UHF RFID systems is limited by such factors as tag characteristics and RFID reader parameters. Therefore, two different tags with the same reader are used in the test, which are a PVC tag (CL7203L1), a label paper tag (CL7203L2) and a UHF RFID reader (CL7206C2), all made by Clou IOT Technologies Inc., Shenzhen, China. In the test, the reader operated at the bands of 840-845 or 920-925 MHz with output RF power 30 dBm. The test is accomplished in a spacious square at boresight and ±30 • offset from the boresight of the proposed antenna. The test results are summarized in Table 2 . When using the PVC tag, the maximum read ranges at the direction of boresight are 8.1 and 10.2 m for the lower and upper bands, respectively. There is some difference between the read ranges for the direction of ±30 • offset from the boresight, which is owing to the asymmetrical radiation patterns. In addition, when replacing the PVC tag with the label paper tag, the maximum read ranges are 6.0 and 8.4 m for the lower and upper bands, respectively. The read range is comparable with that achieved in [22] - [24] . Thus the proposed antenna is verified to fit for Chinese 842.5/922.5-MHz RFID reader applications.
V. CONCLUSION
In this paper, a dual-band dual-sense CP stacked ellipticalring patch antenna is presented. By employing the modified -type dual-band complex impedance transformer, good input matching is achieved for both bands. Different senses of circular polarization are easily realized by making the major axis of two elliptical-ring patches perpendicular to each other.
The measured results show that good RHCP and LHCP are achieved in the lower and upper bands, respectively. The measured frequency ratio is 1.10, which is far less than all the existing dual-band dual-sense CP designs [7] - [19] . Furthermore, the measured 3-dB AR bandwidth is more than 1.07% and gain is more than 4.5 dBic for both bands. The read range tests show that the proposed antenna can satisfy the requirements of UHF RFID reader systems. Therefore, the proposed antenna can be a good candidate for 842.5/922.5-MHz RFID reader applications. 
